Smoke particles can be injected by pyrocumulonimbus (pyroCb) in the upper troposphere and lower stratosphere, but their effects on the radiative budget of the planet remain elusive. Here, by focusing on the record-setting Pacific Northwest pyroCb event of August 2017, we show with satellite-based estimates of pyroCb emissions and injection heights in a chemical transport model (GEOS-Chem) that pyroCb smoke particles can result in radiative forcing of ∼0.02
Introduction
Forest fires are well-documented ecological disruptors and can have a large impact on both local and regional air quality. The largest of these fire events can trigger cumulus clouds called pyrocumulus (pyroCu) lofting fire emissions well into the free troposphere (Fromm et al., 2005; . In the more extreme cases, this convection can lead to fire-generated thunderstorms, called pyrocumulonimbus (pyroCb). This intense convection can result in clouds overshooting the tropopause, lofting smoke aerosols many kilometers into the stratosphere (e.g., Fromm et al., 2000 Fromm et al., , 2005 Peterson et al., 2014) . These higher altitudes are significant for smoke injections because aerosols in the upper troposphere and lower stratosphere (UTLS) have much longer residence times (months to years) compared to those in the lower troposphere and boundary layer (on the order of days) and are subject to longer-range transport (Barnes & Hofmann, 1997;  Geophysical Research Letters 10.1029/2019GL082360 Ge et al., 2016; Koch et al., 2009; Robock, 2000; Wang et al., 2013) . While infrequent, dozens of pyroCb plumes occur in the middle to high latitudes on a yearly basis representing an uncertain source of carbonaceous aerosols .
Aerosols in the UTLS have effects on both the radiative balance of the planet and atmospheric chemistry. While we have long known the vast majority of aerosols in these reaches of the global atmosphere are sulfate (Turco et al., 1982) , small but nonnegligible concentrations of carbonaceous aerosols have been noted as well going back into the 1980s (Clarke et al., 1983; Woods & Chuan, 1983) with black carbon (BC) representing around 1% of UTLS aerosol mass (Schwarz et al., 2008) . Even at small concentrations, BC aerosols are significant as they are highly absorptive of solar and near-infrared radiation (Kremser et al., 2016; Ramanathan & Carmichael, 2008) . In fact, anthropogenic BC emissions in the troposphere may have a climate forcing similar to that of methane (Andreae et al., 2004; Myhre et al., 2013) . These warming effects can be augmented if the BC aerosols are internally mixed with sulfates, increasing their surface area and warming potential (Jacobson, 2001) . Also, these carbon aerosols affect ice nucleation and cloud formation in the UTLS, which is highly uncertain in climate modeling (Bond et al., 2013) . While pyroCbs have been noted to commonly inject aerosols well into the UTLS (e.g., Fromm et al., 2005) , their effects on the UTLS aerosol concentrations and radiative balance of the planet remain uncertain.
An opportunity to explore the effects of pyroCb events on the global climate system arose on 12 August 2017 when fires in Washington (USA) and British Columbia (Canada) caused one of the largest pyroCb events in the observational record. This pyroCb event (hereafter the Pacific Northwest event) initiated as an advancing cold front from the Pacific Ocean provided the necessary meteorology for pyroCb convection. Cold fronts are common prerequisites for pyroCb initiation as the prefrontal environment typically features a hot and dry mixed layer that supports fire growth surmounted by a mid-level moisture source that supports deep, moist convection (Fromm et al., 2010; Peterson et al., 2014 Peterson et al., , 2018 . By the end of 12 August, five individual fires had initiated pyroCb plumes from northern Washington through central British Columbia. This event injected between 0.1 and 0.3 Tg of smoke particle mass into the stratosphere, which is the largest known stratospheric intrusion from pyroCb activity, roughly comparable to the magnitude of a moderate volcanic eruption (Peterson et al., 2018) and resulted in a stratospheric plume of aerosols that encircled the Northern Hemisphere within a few weeks (Khaykin et al., 2018; Peterson et al., 2018) . After the pyroCb event, Khaykin et al. (2018) showed from both ground-based lidar in France and satellite-based lidar there was a persistent layer of stratospheric aerosols attributable to the pyroCb event in altitudes exceeding 20 km. While Peterson et al. (2018) and Khaykin et al. (2018) both argued that the pyroCb event had a hemisphere-scale impact on stratospheric aerosol loading similar in magnitude to moderate volcanic events, no estimates of radiative forcings or simulation of transport were conducted.
To quantify the effects of pyroCb events on the global carbonaceous aerosol budget and the radiative balance of the planet, we represent the Pacific Northwest event in a global chemical transport model (CTM). Using a combination of pyroCb emission estimates from Peterson et al. (2018) , the GEOS-Chem CTM, satellite lidar observations, and a radiative transfer model, we demonstrate the capacity of global CTMs, with constraints from satellite observations, to represent pyroCb events allowing for the quantification of their impacts on atmospheric composition and their radiative forcing.
Data and Models

CTM and Radiative Transfer Calculations
The CTM used for this study is GEOS-Chem (v11). GEOS-Chem has been a valuable tool in understanding global air chemistry since its introduction into the literature (Bey et al., 2001) and is widely used for a variety of air chemical applications. Aerosols are simulated in the model through a scheme derived from the Georgia Tech/Goddard Global Ozone Chemistry Aerosol Radiation and Transport model (Chin et al., 2002) with updates to the carbonaceous aerosol, ammonia, and secondary organic aerosol treatment by Park et al. (2003) . Modeled BC and organic carbon (OC) are partitioned into hydrophobic and hydrophilic categories. Except as later noted with biomass burning emissions, we use the default model settings at 2 • × 2.5 • horizontal resolution. The model is driven by archived GEOS-5 Forward Processing meteorology that is generated from the GEOS data assimilation system (Lucchesi, 2017) .
Biomass burning emissions for the GEOS-Chem CTM generally come from either the Global Fire Emissions Database (GFED) (van der Werf et al., 2010) or Fire INventory from National Center for Atmospheric Research (FINN) emission inventories (Wiedinmyer et al., 2011) . While these inventories are sufficient for many studies, they are not sufficient for studies of specific fire events, like pyroCbs, because they do not have the necessary temporal resolution to resolve individual fires, do not contain any information about the three-dimensional nature of the smoke plume, and do not include direct stratospheric injection of smoke aerosols. Thus, in order to replicate pyroCb events in GEOS-Chem, we created a supplementary 3-D smoke aerosol inventory of the Pacific Northwest event for input into the model (see section 3.1)
To compute the radiative forcing from this pyroCb event, we use the Fu-Liou model, a delta-four-stream radiative transfer model (Fu & Liou, 1993 , 1992 . This particular model is used both off-line and online with various global, regional, and climate models (Gu et al., 2006; Ge et al., 2016; Wang et al., 2008) . Shortwave radiative forcing and heating rate calculations are completed every 6 hr for six shortwave bins between 0.2 and 4 μm for each aerosol type, such as BC and OC, individually before the net forcing from the smoke aerosols is found. Optical properties, such as albedos, extinction coefficients, and asymmetry coefficients, vary by relative humidity for the hydrophilic BC and OC species and are described in Kopacz et al. (2011) and .
Satellite Data
Satellite-based lidar such as CATS (Cloud-Aerosol Transport System) and CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) are unmatched in providing high-resolution cloud and aerosol profiles. Measurements from CALIOP, aboard the Cloud-Aerosol Lidar Infrared Pathfinder Satellite Observations (CALIPSO) spacecraft (Winker et al., 2009) , have been available since its launch into the A-Train constellation of Earth observing satellites in April of CATS (McGill et al., 2015; Yorks et al., 2016) since its placement on the International Space Station in January of 2015. Because the sensors fly in different orbits, CATS observations are not available for high-latitude regions, such as some of the northern domains in this study.
Satellite-based lidar instruments can provide high-resolution information about the vertical distribution of aerosols along the lidar path, but they cannot provide information about the horizonal spatial distribution of the plume. For model comparison, we also employ the Earth Polychromatic Imaging Camera (EPIC) ultraviolet aerosol index (UVAI) on the Deep Space Climate Observatory satellite (Marshak et al., 2018; Xu et al., 2017) . The Deep Space Climate Observatory satellite has provided measurements of the sunlit side of the Earth every 1 to 2 hr from its Lagrange-1 vantage point since 2015. As a qualitative measure of both the abundance and altitude of atmospheric aerosols, UVAI products have been available from various satellite instruments since TOMS in 1979 (Herman et al., 1997; Torres et al., 1998) . UVAI can be calculated even in the presence of clouds, which is a valuable advantage over other satellite aerosol measures because plumes eminating from pyroCb events can be spatially colocated with clouds. In contrast, cloud contamination is not a serious consideration for the satellite lidar observations in this study since the pyroCb plume was located above tropospheric clouds.
Methods
In the following section we describe the steps taken to simulate the pyroCb event and its propagation in GEOS-Chem: creating the pyroCb emission event inventory, integrating these into GEOS-Chem, and designing numerical experiments for model evaluation and forcing calculations.
Creation of 3-D PyroCb Emissions
To represent the vertical variation in the smoke plumes and to allow for direct stratospheric injection of pyroCb smoke emissions, we must incorporate injection heights with the pyroCb emission estimates from Peterson et al. (2018) . Altitude of emission injection has been shown in many previous studies to be significant in determining aerosol transport and residence time (Colarco et al., 2004; Field et al., 2016; Leung et al., 2007; Turquety et al., 2007; Val Martin et al., 2010) . Similarly, modeled radiative forcings can also be sensitive to emission injection heights (Ban-Weiss et al., 2012; . Studies modeling volcanic events found modeled radiative forcings to be highly sensitive to emission injection heights due to the longer residence times of higher-altitude aerosols (Ge et al., 2016; Wang et al., 2013) . For biomass burning, these injection heights can range from typical boundary layer height to the free troposphere and higher for large, intense fires such as those responsible for pyroCbs (Paugam et al., 2016) . Previous attempts in integrating injection heights to emission inventories are split as to choices in the vertical distribution of the emissions with some emitting equally in model layers and others choosing their own assumptions as to the vertical distribution (e.g., Leung et al., 2007) . Since smoke plumes mix during transport over the long distances, the resultant smoke plume is not especially sensitive to the vertical distribution of the emissions, provided the injection height is the same . Thus, the regular injection height treatment of splitting emissions evenly from the injection height to the surface is sufficient for this application with some minor changes. As the emission estimates from Peterson et al. (2018) represent the total stratospheric injection, we emit 0.2 Tg of the 0.1 to 0.3 Tg estimated pyroCb plume at the specified injection height (13.7 km) with another 0.2 Tg split equally among the remaining vertical model layers from the injection height to the surface to track the propagation of the tropospheric smoke emissions. The pyroCb emission fluxes (kg·m −2 ·s −1 ) for each model layer are determined through equation (1) (F l ) and for the specified injection height in equation (2) 
Here l represents any model layer from the closest to the surface to the layer z corresponding to the injection height, M PCB is the total mass of the pyroCb emission, in our case 0.4 Tg (0.2 Tg for the highest layer and 0.2 Tg for the lower layers), N hours is the length of the pyroCb event (5 hr in our case from 19:00-23:59 UTC), and A 1x1 is the 1 • x 1 • grid box area (m 2 ). Emission rates are determined as the emission fluxes are read into GEOS-Chem and depend on the thickness of the model layers.
To integrate the 3-D pyroCb emission fluxes into GEOS-Chem, we created an extension for the Harvard-National Aeronautics and Space Administration Emissions Component (Keller et al., 2014) . Harvard-National Aeronautics and Space Administration Emissions Component is the tool by which emissions are calculated and coupled with GEOS-Chem. In our extension, the pyroCb smoke fluxes are read and partitioned via emission factors typical of extratropical forests into both BC (6%) and OC (94%; van der Werf et al., 2010). We only considered pyroCb smoke aerosol emissions in this study, but future work may expand the extensions scope to include trace gas emissions as well.
Experiment Design
To determine the impacts of the Pacific Northwest pyroCb event on the global atmosphere, we present both the model results from a stratospheric injection of smoke aerosols and a sensitivity test emitting the same mass into the near surface layer from the event on 12 August 2017 to the end of December 2017. This boundary layer sensitivity test is designed to demonstrate the necessity of direct UTLS emission of these aerosols as emitting biomass burning emissions into the near surface layer is the default mode in GEOS-Chem and other models. In our modeled results, we present the differences between a control case without the pyroCb emissions and two model runs: one featuring stratospheric injection of the pyroCb emissions and one featuring an injection of the pyroCb emissions into the boundary layer. Showing the differences between these two different emission injection scenarios and a control case allows us to isolate the effects of the pyroCb event. Radiative forcings were determined from the differences between the outgoing shortwave fluxes at the top of the atmosphere in the control case and the stratospheric injection case. For comparison to EPIC UVAI measurements we matched the modeled smoke (BC + OC) optical depth (550 nm) and for the vertical model evaluation we compared the modeled layer aerosol extinction (aerosol optical depth [AOD] divided by the vertical layer height) to CALIOP and CATS backscatter.
Results
Transport and Evolution of the Pyrocb Plume
A week after the pyroCb event, the resultant smoke plume had passed over the Canadian Arctic and had become enveloped in a frontal system over the North Atlantic as observed by EPIC. Over this time period, the smoke plume split into two features: the primary plume wrapped around the midlatitude cyclone over the North Atlantic and a secondary plume stretching from northern Greenland to the Canadian Arctic Archipelago (Figure 1a ). With stratospheric injection of the pyroCb emissions, GEOS-Chem replicates these features (Figure 1b ). When the emissions from the pyroCb event are emitted into the boundary layer in GEOS-Chem (Figure 1c ), we find similar 2-D distributions but considerably lower smoke AODs. Specifically, the peak AOD in the main stratospheric plume is around 0.8 where the boundary layer test results in a peak around 0.1 for the same location over the North Atlantic. This is due to higher-altitude aerosols having longer lifetimes than those closer to the surface. In addition, we find the model results with stratospheric injection of pyroCb smoke aerosols to qualitatively match EPIC UVAI observations on both August 14 and 19 ( Figures S1 and S2 ). However, we note that the modeled plume location on August 14 is displaced to the west of the observed plume perhaps from errors in transport.
Vertically, GEOS-Chem captures both the main plume located over the North Atlantic and the secondary plume over the high Arctic as observed by the CALIOP overpass on 20 August (Figures 1d and 1e ). The primary plume over the North Atlantic is clearly represented in the modeled results (Figure 1e ), albeit 2-3 km lower in altitude than that observed by the CALIOP overpass. The secondary plume in the north is also captured in the model but ∼2-km higher altitude than that observed by CALIOP. Part of the reason for the lower altitude of the modeled primary plume could be the lack of "self-lifting" or diabatic heating of smoke aerosols in the model . Self-lifting has been noted in previous pyroCb cases to result in the continued vertical ascent of carbonaceous plumes in the stratosphere (de Laat et al., 2012; Siddaway & Petelina, 2011) . In contrast, where the boundary layer injection in GEOS-Chem resulted in a similar aerosol distribution to those observed, Figure 1f shows that GEOS-Chem fails to capture the observed CALIOP vertical profiles with boundary layer injections. Specifically, no smoke aerosols were modeled in the altitudes CALIOP observed the smoke plume. Similar results were found with a CALIOP overpass on 14 August ( Figure S1 in the supporting information) and a CATS overpass on 19 August ( Figure S2 ). Hughes et al. (2016) similarly showed that if the injection height used to initiate the GEOS model is not correctly placed in the UTLS, predicted volcanic plume transport patterns do not agree with satellite observations. These results show that modeling pyroCb events and other large forest fire events in CTMs similarly require high-altitude injections of biomass burning emissions. 
Extended Impacts
The fate of the smoke aerosols depends greatly on the altitude of injection in the weeks and months following the pyroCb event. For the stratospheric injection, around 40% of the stratospheric aerosols are still present in the modeled atmosphere at the end of December 2017 (0.079 Tg) representing an e-folding time of around 5 months for these stratospheric aerosols (Figure 2a ). This lifetime is in the range observed for stratospheric sulfate aerosols in medium-sized volcanic eruptions (Bluth et al., 1997) . In contrast, after 3 weeks, only 7% of the initial smoke aerosol mass in the boundary layer case was present in the model resulting in an e-folding time of around 4 days. This lifetime is in the 5.8 ± 1.8-day range reported for BC lifetime over the northwest Pacific (Park et al., 2005) . In a sensitivity test, injecting the smoke into the free troposphere (8 km) resulted in an e-folding lifetime of 13 days. This high sensitivity to injection altitude illustrates the documented altitude dependence of aerosol lifetime.
Throughout September of 2017, CATS observed a persistent layer of stratospheric aerosols over central Asia on many overpasses (Figures 3d-3f ) that likely originated from the pyroCb event ( Figure S3 ). At this point, GEOS-Chem had spread the pyroCb aerosols throughout the Northern Hemisphere with higher concentrations and optical depths over the Arctic as evidenced by where we find the highest radiative forcing (Figures 3a-3c ; radiative forcing is discussed in section 4.3). While there is still a large mass of pyroCb aerosols present in the modeled stratosphere (Figure 2a ), GEOS-Chem does not specifically place the pyroCb aerosols where the CATS overpass observed the stratospheric aerosol layer in September. Where CATS observed a persistent and somewhat defined plume, GEOS-Chem had spread the pyroCb aerosols throughout the Northern Hemisphere stratosphere. In these August and September 2017 cases, the CATS V2-01 aerosol typing algorithm suggests these aerosols are volcanic in origin; however, this is merely a result of the algorithm categorizing any UTLS aerosols as volcanic . In the CATS V3-00 data products, which will be released shortly, this aerosol classification name has been changed to "UTLS" as a result of the observations discussed in this paper (Yorks, 2018) .
Radiative Impacts
There were significant changes to the full-sky (including cloud coverage) radiative balance at the top of the atmosphere following the modeled aerosol plume when coupling the modeled results to the Fu-Liou radiative transfer model. A week after the pyroCb event when the plume was over the North Atlantic (as shown in Figure 1 ), we find daily averaged local changes to the shortwave radiation at the top of the atmosphere to be around 15 W/m 2 with the global average being around 0.02 W/m 2 (Figure 3a) . Radiatively, the absorptive effects of the BC aerosols in the plume are stronger than the reflective effects of the OC resulting in a net warming effect on the atmosphere. This warming effect is predominantly focused over high albedo surfaces such as the Greenland Ice Sheet and the sea ice-covered Arctic Ocean. Over lower albedo areas such as the open ocean, the smoke results in slight cooling effects. These aerosols result in on average 0.7-0.9 K/day in shortwave heating in the Arctic stratosphere (north of 60 • N) in the month of September (Figure 4) with the highest warming rates centered over the northernmost latitudes. The radiative forcings from the pyroCb event peak about a week after the event before decreasing over the following months as the mass of pyroCb smoke in the model subsides (Figure 2b) . The net radiative forcing was between +0.02 and +0.01 W/m 2 over the 2-3 months following the pyroCb event, which is substantially different from analogous volcanic studies. For example, radiative forcings from the 2008 Kasatochi eruption were between −1.3 and −0.7 W/m 2 in the 1-2 months following the eruption and −0.03 W/m 2 after 6 months (Wang et al., 2013) . Yearly and global averages of eruptive volcanic radiative forcings in 2006-2012 have been found to be around −0.09 W/m 2 (Ge et al., 2016) . Thus, the potential radiative impacts of multiple pyroCb events can be of a similar magnitude to volcanic events but of opposite sign. As a function of smoke AOD, the forcing in the stratospheric injection case is between 0 and +5 W/m 2 per unit AOD (550 nm) from 1 week after the event through the end of September.
Considering the opposing effects of BC and OC in the radiative transfer model, it would be expected that the radiative forcing would be sensitive to the chosen emission factors. Indeed, if the fraction of BC is increased to 12%, an emission factor typical of tropical forests (van der Werf et al., 2010) , the net forcing increases significantly to around +0.15 W/m 2 .
There are a few limitations and uncertainties associated with these radiative forcing calculations. We specifically note that the warming associated with the smoke aerosols is limited to the UTLS, not the lower troposphere or surface, and only takes into account the direct effects of the pyroCb smoke aerosols on the flux of outgoing shortwave radiation at the top of the atmosphere. Exploring the effects of pyroCb events in climate models would be a valuable avenue for future research as previous studies have shown that stratospheric BC can have a negative climate forcing and suppressing effect on surface temperatures once semidirect effects (effects on the thermodynamic structure of the atmosphere and tropospheric cloud coverage) and changes in longwave radiative fluxes are taken into account (Ban-Weiss et al., 2012) . In addition, the forcings from the pyroCb aerosols may be greater if the aerosols are internally mixed with sulfates. This correction may increase the positive radiative forcing from BC by +50% (Kopacz et al., 2011) .
Discussion and Conclusions
We have shown here the capacity of GEOS-Chem to model the effects of a pyroCb event. Compared to satellite measurements from CATS and CALIOP lidar and EPIC UVAI, we find GEOS-Chem accurately represents the transport of the resultant stratospheric plume of smoke aerosols when the pyroCb emissions are directly injected into the model stratosphere. When the fire emissions are emitted into the boundary layer (as is typically done in CTMs and climate models), we find GEOS-Chem fails to recreate the observed vertical aerosol distribution. This higher emission altitude has great consequences for the aerosol residence times with the stratospheric aerosols having an e-folding time of around 5 months and the boundary layer aerosols having an e-folding time of only 4 days. With modeled UTLS composition and radiative effects being sensitive to injection altitude, any attempts to include pyroCb and other biomass burning emissions in CTMs will need to strongly consider injection altitudes. Also, future 3-D biomass burning emission inventories constrained by lidar observations would equip models to better capture the broader effects resulting from pyroCb and other fires with high-altitude plumes.
Because the BC and OC components of the smoke aerosols are respectively strong absorbers and reflectors of incoming solar radiation, the net forcing is sensitive to the chosen emission factors. Using an estimate of ∼6% of the smoke aerosols emitted as BC (with the remainder as OC), we find globally averaged net radiative forcings between 0 and +0.05 W/m 2 with the BC forcing being around +0.1 W/m 2 and OC around −0.1 W/m 2 in the month following the pyroCb event. This +0.1 W/m 2 BC forcing is greater than that estimated of BC's altering of ice/snowpack albedo (0.02-0.09 W/m 2 ; Myhre et al., 2013) and represents the effects of one large event. Future work will be needed to determine the cumulative effects of the dozens of pyroCb events that occur on a yearly basis. The net forcing is slightly positive meaning the aerosols injected into the UTLS by the pyroCb event had a net warming effect on the Earth system, especially focused in the UTLS. This is opposite the effects of volcanic events, which result in a net cooling effect on the Earth system. In addition, the carbonaceous aerosols emitted by pyroCb events would have different effects on chemical and microphysical interactions than analogous volcanic aerosols. With these different and complicated interactions, a full understanding of the responses of surface temperature and atmospheric processes to pyroCb events in future studies will require the use of global climate models. This study serves as the first attempt to provide observation-constrained insights for such climate modeling studies in terms of pyroCb smoke particle injection height, lifetime, and magnitude of UTLS heating from the pyroCb smoke aerosols.
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